A probabilistic shaping method based on reduced-exponentiation subset indexing and honeycomb-structured constellation optimization is proposed to compress the number of signal points in the constellation, so that the total number doesn't fit the traditional pattern of multiples of power exponents of 2. The proposed scheme can significantly reduce the average signal power, enhance the space utilization in view of (identifying signals in) the judgement area of the constellation, as well as improve the mutual information, owing to the combination of probabilistic shaping and constellation optimization. Moreover, an experiment of a 25 km intensity-modulation and direct-detection system (IM/DD) transmission system is successfully demonstrated to present the superiority of our proposed scheme. It is shown that the proposed probabilistic shaping 64-to-31 carrier-less amplitude and phase modulation (CAP) based on honeycomb constellation can achieve the gains of 1.5 dB and 3 dB over receiver sensitivity when compared with uniform 32-CAP and uniform 64-CAP at the bit error rate (BER) of 1 * 10 −3 , respectively. The experiment suggests the proposed scheme a promising technique for future 5G fronthaul network.
However, WDM-PON system still have shortage of speed in data processing. Meanwhile, CAP gets rid of the limitation of Fourier transform, greatly reduces the complexity of data processing, removes the carrier limitation, simplifies the equipment space, improves the equipment integration, and gains great interests worldwide as a preferential solution for fronthaul network. In addition, WDM-CAP [4] , threedimensional CAP [5] , multi-dimensional CAP [6] and even multi-level, multi-dimensional CAP [7] have been proven to be pragmatic and effective, which significantly enrich the networking diversity and enormously accelerate the replacement and optimization of fronthaul system based on WDM.
Besides, probabilistic shaping (PS) technique, aimed at increasing the transmitting probabilities of the signal points in the inner rings of the constellation while reducing the probabilities of those far away from the center, has attracted much focuses and been a new research hot spot recently, which can be attributed to the superiority of high spectral efficiency, large channel capacity and low complexity. This technique can significantly reduce the average signal power and effectively enhance the anti-noise of the transmission system, thus improving the bit error rate (BER) performance and bringing about a better experience in presence of signal quality. The advantages and practicality of probabilistic shaping in improving the data rate and flexibility had been elaborated, which laid the foundation for the extensive application in transmission system [8] , [9] . The rate flexibility and probabilistic shaping gain of 4-dimensional signaling was experimentally tested for short-reach, unrepeated transmission [10] . Experiments also verified that probabilistic shaping 16-QAM outperforms the uniform 16-QAM in MIMO-ROF system [11] . And probabilistically shaped PDM-1024-QAM was employed in WDM/SDM data transmission system to realize ultrahigh-spectral-efficiency and adaptive rate [12] . Moreover, combination schemes of probabilistic shaping and constellation optimization, applied in WDM optical communication system, increase the achievable rates of optical networks and spectral efficiency of the system [13] , [14] . However, the majority of the shaping methods do not focus on shaping the constellation points which is not the multiples of power exponents of 2, except some researches about 9QAM or 12QAM [15] . And this deficiency results in the high requirement for label or index coding and excessiveness of redundant information, which reduce the flexibility of coding scheme and lower the coding efficiency. Therefore, the appropriate shaping design of any number constellation point combined with constellation optimization technique can be a resultful approach to improve the system performance.
In this paper, to our best knowledge, we for the first time propose an optical probabilistically shaped CAP modulation based on reduced-exponentiation subset indexing and honeycomb-structured constellation optimization for 5G fronthaul network. The proposed scheme can significantly reduce the average signal power and improve the coding efficiency. By means of transforming and optimizing the conventional regular constellation to the novel honeycomb-structured constellation, the space utilization can be enhanced and signal transmission power be reduced remarkably, thus improving the BER performance and transmission rate of the communication system.
II. PRINCIPLE OF PROBABILISTIC SHAPING DESIGN BASED ON REDUCED-EXPONENTIATION SUBSET INDEXING AND HONEYCOMB-STRUCTURED CONSTELLATION OPTIMIZATION A. DISTRIBUTION MATCHER BASED ON REDUCED-EXPONENTIATION SUBSET INDEXING
Generally speaking, the signal coming out of the data source is uniform-distributed, in which case the average signal power can't be effectively conserved and channel capacity be fully made use of. Probabilistic shaping, proven to be a powerful technique, is usually adopted to overcome this disadvantage. The principle of probabilistic shaping is that the signal points with high energy (i.e., signal points far away from the origin of the constellation) are intentionally transmitted less frequently than those with low energy. In such a well-designed manner the average signal power can be significantly reduced and constellation figure of merit (CFM) [16] , [17] be enormously enhanced, eventually bringing about the bit error rate performance improvement. However, to achieve such a favorable performance, the implementation of probabilistic shaping is conducted at the expenses of induced redundancy and coding efficiency decline.
The signals are generated by the source with an equal probability. Thereby to create information with multiple probabilities, polynomial generator is adopted to directly or indirectly add the redundant information to perform the probabilistic shaping. However, the majority of the shaping methods failed to compress the signal number doesn't fit the traditional pattern of multiples of power exponents of 2, and this deficiency results in the high requirement for label or index coding and excessiveness of redundant information, as well as the lowering of coding rate. And the fundamental principle to reduce the redundant indexing information is to make sure that the index codes are of a complete set with the closed operation within.
In a bid to reduce and minimize this side effects, this paper proposes a probabilistic shaping scheme based on reducedexponentiation subset indexing to fully make use of the completion of code word set. This method can carry out similarity selection for any input signal and then record the corresponding index used for combining output with the original information. In this way, one-to-one mapping can be realized with the implementation of probabilistic shaping, which is convenient and effective for demapping in the receiver. The whole scheme features low complexity in DSP and economical expenditure in upgrading the hardware, which enables a potential for wide application in future 5G fronthaul network.
The visual illustration for the proposed probabilistic shaping scheme is provided as Fig. 1 . Firstly, some key parameters are defined for clear-cut elaboration of our proposed scheme. Specifically, m denotes the number of information bits carried by the signal which is the same as the set of information source without probabilistic shaping (SWP), and num stands for the number of signal points after probabilistic shaping, while the number of signals needed to be overlapped is denoted as num left . It is obvious to deduce the equation as follows:
where k is the bit number of the set of signal points after probabilistic shaping (SAP). From above discussion, it means that the shaped signal set, which is called the set of signal points after probabilistic shaping, can hardly be operated in a closed form. In other words, simple addition of ''0'' or ''1'' in the indexing information set is not feasible, instead the appropriate coding must be adopted. In this situation, a set of reduced-exponentiation mapping (REM) is chosen to be the complete subset in the shaped signal set for closed operation.
If i stands for the number of bits of REM, a function can be expressed as below:
This subset choosing method, aimed at complete subset by reducing the order of power exponent, is what we called reduced-exponentiation choosing. As a result, there are two parts for the SAP, which are the REM for signals overlapping and the rest for independently mapping. And the label for subset mark (LSM) is defined for identifying the two set above, which is overlapping signals and independently mapping signals, by the leftmost k-i bits in the bits of REM. Furthermore, d represents the number of bits constituting the indexing information aimed at identifying the overlapping signals, whose maximum number can be deduced as 2 d . This set of indexing information (SII) is employed to record the set of overlapping signal points once the probabilistic shaping is implemented and the indexing information constitute the labeling signals. However, in this mapping process, the labeling signals have some point which is not mapping to the shaping signals due to the non-complete set of the shaping signals, so the indexing information need to be revised to guarantee that all the mapping information are confined in the closed subset. For this purpose, the LSM with k-i bits is specifically added to the SII signal points after an interval of i bits. At last, two columns of information, bits for shaping signals and bits for labeling signals, are produced and combined for data out.
In our paper, the transformation of 64-points signals, the SWP, to 31-points signals employing probabilistic shaping is fully expatiated, which is shown in Fig. 2 . The key parameters are also given in function as below.
Firstly, the shaping collection comprised of 31 signal points, the SAP, are distinctively chosen out of the full sequences of 5-bits by taking out the ''11111''. Meanwhile, to ensure that the whole operation is conducted in a closed fashion in the shaping collection, as well as in bid to implement probabilistic shaping, the bits sequences with the highest position of ''0'' are selected as the REM for overlapping, where the highest position of ''0'' or ''1'' is employed as the LSM. Then, the information points undergo the procedure of overlapping, where one information point is combined with eight indexes, seven information points with four indexes and five information points with two indexes, as illustrated in Fig. 2 . In other words, we can compute that 7 × 1 + 3 × 7 + 1 × 5 = 33, which is exactly the number of signal points needed to be overlapped in our proposed 64-to-31 probabilistic shaping scheme. On the other hand, the ''000'' is sometimes utilized to index the other signal points which is independently mapping. It should be mentioned that the set of signal bits for shaping signals is composed of 5-bits with 1-bit employed as the subset mask. If the mapping is conducted in a 4-bits manner, the lack of completeness of shaping collections will result in system bit error once being transmitted. Therefore, to enable the consistency of coding and shaping, the ''0'' as the LSM is inserted between every 4-bits in the SII. Finally, the combination of labeling signals and shaping signals are combined together for optical fiber transmission.
Prior to the function of distribution matcher, the ''0'' and ''1'' are uniformly-distributed. In our proposed 64-31 probabilistic shaping scheme, the 33 information points are overlapped with 31point that can be mapping immediately, which can be distinguished by means of indexing. And it is complicated to deduce a formula to compute the probabilistic distribution of the 31 signal points after the effects of the proposed probabilistic shaping, for the complicated overlapping and indexing produced by the PS. Therefore, simulations are performed to show the approximate distribution of the 31 signal points, which can be observed in Fig. 3 . We can see that the probabilistic distribution has changed dramatically in a way that the signal points with low code weights are occupying a much larger proportion in the transmitting side, which will significantly lower the signal power and improve the system performance. To change the probabilistic distribution of the signal points, we can change the REM to alter basic exponentiation of overlapping signals for close set.
Through the above analysis, we can conduct that the increase of information redundancy is introduced by LSM and SII together. SII is employed to record the set of overlapping signal points through the whole shaping method, which forms the main part of the labeling signals. And, LSM is specifically added to the SII signal points to guarantee that all the labeling information can be corresponded with the constellation by modulation. The combination of SII and LSM constitutes the labeling signals, which means that the smaller the number of bits of LSM and SII, the higher the coding efficiency. But, the short bit numbers of SII and LSM reduces the effect of PS. So, the better allocation of LSM and SII is a trade-off between probabilistic shaping and coding efficiency. In our proposed 64-31 probabilistic shaping scheme, there is an allocation of 3-bits SII and 1-bit LSM, which means 3 bits redundancy per origin symbol is introduced by SII and 1 bit redundancy per 4 bits of labeling information mainly composed by SII is introduced by LSM. So, the generated 6-parallelled bit data, i.e. 64 QAM symbol, undergoes the procedure of the proposed reduced-exponentiation subset indexing mapping to form the 8.25-bits corresponding symbol signals. However, in traditional schemes, the way to complete 64-31 probabilistic shaping situation conducts the procedure mapping 6-parallelled bit data to 10-bits information, which used 5 bits redundancy equal to their symbol bits for the non-close set of constellation. All in all, our proposed shaping scheme have a marked improvement in code efficiency compared the traditional schemes.
B. HONEYCOMB-STRUCTURED CONSTELLATION OPTIMIZATION
In the additive Gaussian white noise (AWGN) channel, the error rate of the transmitted signal can be expressed as follows [18] :
where Q represents the Q function, A is a constant dependent on the modulation formats and orders, E b is the average signal energy, d min denotes the minimum Euclidean distance, and N o stands for the additive white Gaussian noise. It can be seen from Eq. (5) that d 2 min /N 0 is a constant in the pre-defined AWGN system. As a result, E b /d 2 min is regarded as the main influence factor of bit error rate for the system. Therefore, the definition for the constellation figure of merit (CFM) is deduced as a measurement of system performance, which is expressed as follows [16] , [17] :
where CFM (C) denotes the CFM, and a i is the ratio of Euclidean distance of the constellation points to the minimum Euclidean distance, while i is the number of the constellation points. It can be seen that in a certain constellation, the d min is a constant related to E b . In a bid to improve the system gain, the practical approaches are probabilistic shaping and constellation optimization. At present, MQAM, MASK, and MPSK constellations are widely applied, where the MQAM constellation is more favorable due to its appropriate adjustment for signal distribution in 2-D space. However, the signal distribution in the innermost circle of the constellation does not fit the optimal solution of energy minimization. In a geometric viewpoint, if the minimum Euclidean distance is fixed, concentric regular hexagon is seen as the optimal case to choose the constellation points in the form of the same spacing from the origin. On the basis of this principle, a honeycomb-structured constellation is proposed in this paper, where the judgement regions for determining the constellation points is denser and more appropriate, thus improving the constellation gain to a large extent. It can be seen that after the design of honeycomb-structured ruling regions, the constellation points per unit area have been increased in Fig. 4 , so that the system average power can be reduced to some extent. The gain of the proposed honeycombstructured constellation is thereby deduced as follows: While the gain of square-32QAM is computed as follows:
We also calculate the gain of the original uniform-distributed 64-points signals for further comparison, which is shown as follows:
By comparison, it is easy to observe that our honeycombstructured design can indeed reduce the signal average power, thus improving the system BER performance. In a geometric analysis, when the minimum Euclidean distance is fixed, the number of the constellation points per unit area is increased to reduce the maximum energy of the constellation. Meanwhile, the gain of the constellation is improved due to the somewhat circle boundary of the constellation points in the outer regions.
Furthermore, the proposed probabilistic shaping method can be combined with the constellation optimization to jointly improve the system performance. Considering the above analysis of the 64-to-31 probabilistic shaping based on reduced-exponentiation subset indexing, the gain of the shaping 31-points signals can be expressed as follows:
= 0.5090, (10) VOLUME 7, 2019 where S means the utilization of probabilistic shaping. While the gain of probabilistic shaping square-32QAM based on reduced-exponentiation subset indexing is denoted as follows:
Form the above comparison, it can be seen that the joint function of probabilistic shaping and constellation optimization can significantly improve the system performance. The probabilities of the constellation points in the outer regions are enormously reduced to lower the transmitted signal power. And the constellation optimization enables the optimal distribution of the signal points, which can contribute significantly to the utilization enhancement of the constellation.
In order to acquire further study of reduced-exponentiation subset indexing based probabilistic shaping and honeycombstructured constellation mapping, a series of simulation results are performed for mutual information in AWGN channel, including uniform square 64-CAP, uniform square 32-CAP, uniform square 16-CAP, and our proposed probabilistic shaping combined with honeycomb-structured 31-points CAP and square 32-CAP. As can be seen from the Fig. 5 , due to the limitation of constellation points and non-uniform probabilistic distribution of 31 points, the mutual information of reduced-exponentiation subset indexing of probabilistic shaping honeycomb constellation 31 CAP, i.e. proposed PS and GS 31 CAP, is lower than that of uniform 64CAP and uniform 32 CAP in high SNR. Moreover, the curve of mutual information of honeycomb constellation 31CAP combined with the proposed probabilistic shaping shows the superiority compared to other curves, owing to the greatly-increased probability of information points in the inner circle of the constellation and reduction in mutual information led by PS. In addition, due to the advantage of geometric structure in reducing the average signal power, the combination of reduced-exponentiation subset indexing based probabilistic shaping and honeycomb 31CAP has a certain improvement in MI compared with that combined with square 32CAP.
III. EXPERIMENTS AND RESULTS
An experiment employing IM/DD system, illustrated in Fig. 6 , is carried out to show the superiority of the proposed PS of reduced-exponentiation subset indexing scheme and honeycomb-structured 64-to-31 constellation modulation. At the transmitter, the offline DSP is adopted to realize CAP modulation and an arbitrary waveform generator (AWG) is used to generate the electrical CAP signal. Specifically, original input bits are firstly transformed into a sequence of output symbols with a desired probabilistic distribution by a shaping distribution matcher of reduced-exponentiation subset indexing, followed by the procedure of honeycombstructured constellation mapping. In the part of distribution matcher, the generated 6-parallelled bit data undergoes the procedure of the proposed reduced-exponentiation subset indexing mapping to form the 8.25-bits corresponding symbol signals, which is due to labels for subsets inserted in every 4-bits in the indexing collections. Then the mapped symbols are up-sampled with a sampling factor of 4. It is worth mentioning that the sampling factor is determined by the AWG sampling rate to data baud rate ratio. For CAP generation, the real and imaginary parts of the up-sampled sequence are split and processed by two orthogonal digital shaping filters, where the roll-off coefficient of the filters is set as 0.2. Afterwards, the outputs of the filters are combined together in the form of subtraction to get an electrical CAP signal by the function of AWG with maximum sampling rate of 50 GSa/s. In our experiment, a continuous wave (CW) laser operated at 1550 nm with an optical power of 10 dBm serves as the light source, which is injected into MZM to fulfil the intensity modulation. In the end, the generated optical CAP signal is ready for transmission in a 25 km standard singlemode fiber (SSMF).
At the receiver, a variable optical attenuator (VOA) is placed after the fiber link to adjust the received optical power for the optical signal detection and conversion by a photodiode (PD) with bandwidth of 40 GHz. And a digital phosphor oscilloscope (DPO) is utilized to sample the electrical signal for further offline DSP corresponding to the one at the transmitter. In the offline DSP, the newly-generated data, resampled by DPO, are firstly split into the real and imaginary components for matched filtering. Then after a series of procedures including quadruple down-sampling, constellation de-mapping and distribution de-matching, the sequencing bits are recovered for further BER performance analysis.
In order to get a better and comprehensive overview of the system performance of the proposed structure, experiment has been conducted to analyze and compare the bit error rate of the reduced-exponentiation shaping 31-points constellation in back-to-back and 25 km optical fiber transmission, where the sampling rate of AWG is set as 25 GSa/s and the bit rate is 22.7 Gb/s. As can be seen in Fig. 7 , due to the shortreach communication, the difference of system performance for both transmissions is insignificant. And compared with the back-to-back transmission, the increased optical receiving power needed for 25 km optical fiber transmission is within the range of 0.3-0.6 dB, so as to achieve the same BER.
Furthermore, to show the advantages of the reducedexponentiation based shaping 31-points constellation, experimental set-up is performed in presence of three different structures, namely, uniform square 64-CAP, uniform square 32-CAP, and our proposed 31-points CAP modulation. The bit rate of probabilistic shaping 64-31 CAP maintains 22.7 Gb/s. And to guarantee a fair comparison, by adjusting Fig. 8 that the BER curves for uniform 32-CAP and 64-CAP have a certain descending trend due to the lowering of data Baud rate. And since there are some redundancies in the probabilistic shaping 64-31 CAP to lower the Baud rate, the range of the error rate for these three structures is roughly similar when the optical receiving power reduces. What's more, when the BER is 1 × 10 −3 , the probabilistic shaping 64-31 CAP can achieve a 1.5 dB gain over receiver sensitivity compared with uniform 32-CAP. In addition, it can be predicted that as the curve of BER reduces the gain of proposed probabilistic shaping 64-31 CAP can be more than 3 dB over receiver sensitivity in comparison with uniform 64-CAP in the reference line of 1×10 −3 BER. All in all, at the cost of redundancy and lowering of information entropy, the probabilistic shaping adjusts the probabilistic distribution of the signal, and to some extent changes the growth rate of information entropy, so as to improve the system performance and reduces the signal BER.
IV. CONCLUSION
We propose an optical probabilistically shaped CAP modulation based on reduced-exponentiation subset indexing and honeycomb-structured constellation optimization, which is aimed at compressing the signal points into the number which is not the multiples of power exponents of 2. The proposed scheme can significantly reduce the average signal power and improve the coding efficiency. Theoretical analysis, as well as experimental demonstration of a 25 km IM/DD transmission system, is performed to show the superiority of our proposed probabilistically shaped 64-to-31 CAP scheme. It is shown that the probabilistic shaping 64-31 CAP can achieve the gains of 1.5dB and 3dB over receiver sensitivity compared with uniform 32-CAP and uniform 64-CAP at the BER of 1 × 10 −3 , respectively. This encouraging outcome suggests the proposed scheme a promising technique for emerging 5G fronthaul network. He has more than 100 publications in prestigious journals and conferences. His main research interests include high-speed fiber communication systems, broadband optical transmission technologies, and all-optical networks. VOLUME 7, 2019 
